Tao G, Khan AZ, Blohm G. Corrective response times in a coordinated eye-head-arm countermanding task. Inhibition of motor responses has been described as a race between two competing decision processes of motor initiation and inhibition, which manifest as the reaction time (RT) and the stop signal reaction time (SSRT); in the case where motor initiation wins out over inhibition, an erroneous movement occurs that usually needs to be corrected, leading to corrective response times (CRTs). Here we used a combined eye-head-arm movement countermanding task to investigate the mechanisms governing multiple effector coordination and the timing of corrective responses. We found a high degree of correlation between effector response times for RT, SSRT, and CRT, suggesting that decision processes are strongly dependent across effectors. To gain further insight into the mechanisms underlying CRTs, we tested multiple models to describe the distribution of RTs, SSRTs, and CRTs. The best-ranked model (according to 3 information criteria) extends the LATER race model governing RTs and SSRTs, whereby a second motor initiation process triggers the corrective response (CRT) only after the inhibition process completes in an expedited fashion. Our model suggests that the neural processing underpinning a failed decision has a residual effect on subsequent actions.
INTRODUCTION
Making mistakes is an everyday phenomenon. When erroneously initiating or performing movements, it can be crucial to correct them as quickly as possible. For example, in sports, when challenging an opposing player in soccer, hockey, or basketball one may have to respond quickly to a feint, where the opponent motions in one direction and then suddenly changes direction, by canceling one's initial reaction and responding to the new information. The mechanisms underlying corrective response initiation as well as the coordination of multiple effectors in this context remain unclear. To gain insight into potential mechanisms governing corrective response initiation, we investigated corrective response times (CRTs) in a coordinated eye, head, and arm countermanding task.
Our research question is couched in the framework of response inhibition. Response inhibition refers to the suppression of voluntary actions that are no longer desired, for example, pulling a swing in baseball. Response inhibition (Coe and Munoz 2017; Cutsuridis 2017; Noorani 2017; Noorani and Carpenter 2016; Pouget et al. 2017; Schall et al. 2017; Song 2017) has been widely explored with behavioral tasks (Beuk et al. 2014; Hanes and Carpenter 1999; Hanes and Schall 1995; Khan et al. 2015; Noorani and Carpenter 2013; Salinas and Stanford 2013; Schall and Godlove 2012; Stevenson et al. 2009 ), neurophysiological methods (Jantz et al. 2013; Nyffeler et al. 2007; Pouget et al. 2011; Ray et al. 2009b; Stuphorn and Schall 2006) , and functional imaging (Domagalik et al. 2012; Mattia et al. 2012; Hakvoort Schwerdtfeger et al. 2012) . Implicated neural substrates include the superior colliculus (Paré and Hanes 2003) , frontal eye fields (Hanes et al. 1998; Ramakrishnan et al. 2012) , inferior frontal gyrus, basal ganglia, and supplementary motor area (Aron 2007; Chambers et al. 2009 ). In populations with conditions such as Parkinson disease and attention deficit/hyperactivity disorder, response inhibition and its underlying neural substrates have been shown to be altered (Chambers et al. 2009; Cutsuridis 2017; Groman et al. 2009; Ray et al. 2009a; Verbruggen and Logan 2009) .
A common approach to explicitly test inhibition of prepared responses is through the stop-signal paradigm (Hanes and Carpenter 1999; Hanes and Schall 1995; Logan and Cowan 1984) . In this paradigm, participants are asked to perform a motor task, such as pressing a button, upon presentation of a Go signal. On a small proportion of trials, a Stop signal is presented, which instructs participants to inhibit and cancel the impending motor response. Depending on the delay of the Stop signal after the Go signal, the trial would result in either stop-success or stop-failure, with higher proportions of stop-failure trials corresponding to longer stop-signal delays (SSDs).
Response inhibition performance has been classically described with a race-to-threshold model (Boucher et al. 2007; Cutsuridis 2017; Noorani 2017; Noorani and Carpenter 2013) , originally proposed by Logan and Cowan (1984) . Each racing decision alternative has typically been modeled with a linear approach to threshold with ergodic rate (LATER) process, first developed by Carpenter (Carpenter 1981; Reddi and Carpenter 2000) . The model describes the performance as the outcome of a race to threshold between a Go and a Stop process, two independent and stochastic processes. The Go process is triggered by the target and initiates the response when it reaches threshold, corresponding to the reaction time (RT). The Stop process is triggered by the Stop signal and inhibits the response only if it reaches threshold before the Go signal. The latency of the Stop process reaching threshold is defined as the stop signal reaction time (SSRT) and represents the performance quantifier of response inhibition. Since the SSRT cannot be directly observed, it must be estimated through the proportions of stop-success trials at different SSDs. Thus the race model provides a basic mechanism that explains how we are able to stop ourselves from making erroneous actions.
In the case of an error, the Go signal reaches threshold before the Stop process, which results in an erroneous response that requires correction. Under the response inhibition framework, corrective responses may be viewed as an adaptive action to the failed response inhibition. To date, investigation of the mechanisms involved in the initiation of corrective responses in response to error has been limited. While corrective responses have been observed with a countermanding paradigm (Corneil and Elsley 2005) , they were not explicitly prompted and their latencies were not analyzed. Other studies have utilized slightly different paradigms, such as the stopchange and double-step tasks, which explicitly required the participant to perform a second motor task upon Stop signal presentation Logan 2008a, 2009) ; however, these secondary responses are not corrective responses per se as they were not driven by errors. One recent study investigated corrective saccade initiation during an antisaccade task (Noorani and Carpenter 2014) using an extension of the LATER model. Their results suggest that multiple sequential decisions take place for movement initiation and correction.
We investigated initiation, inhibition, and corrective responses of multiple effectors to understand decision processes during coordinated actions. Many studies have demonstrated strong correlations of motor initiation times between the eye and head (Biguer et al. 1982; Corneil and Elsley 2005; Guitton et al. 1990 ; Khan et al. 2009 ), between the eye and arm (Carey 2000; Dean et al. 2011; Fischer and Rogal 1986; Fisk and Goodale 1985; Gribble et al. 2002; Herman et al. 1981; Jeannerod 1988) , and between all three effectors (Suzuki et al. 2008) . However, others have found little or no correlation (Guitton and Volle 1987; Phillips et al. 1995; Tweed et al. 1995; Vercher et al. 1994) , particularly between head and arm movement initiation (Vercher et al. 1994) .Thus there is yet no consensus as to the degree of coupling between multiple effector initiation processes (Dean et al. 2011; Freedman and Sparks 2000) . In addition, the coupling between corrective responses of different effectors has been little investigated (Boucher et al. 2007; Corneil and Elsley 2005) , and the few studies mentioned here have utilized only paired effectors (eye and hand or eye and head). The present study uses a gaze shift and pointing task to investigate initiation, inhibition, and corrective responses during combined eye-head-arm movements. This work has been previously published in abstract format (Tao and Blohm 2011) .
METHODS

Participants
Seven healthy participants (aged 21-29 yr; 6 men, 1 woman) participated in this experiment, and each provided informed written consent. Six participants were naive to the goals of the study. All participants had normal or corrected-to-normal vision and had no history of neurological disease. Experimental procedures were approved by the Queen's University Research Ethics Board in compliance with the Declaration of Helsinki.
Experimental Setup
Participants were seated upright in a dark room with no background illumination. The participant's preferred (dominant) arm was suspended with a sling such that it was relaxed, straight, and parallel to the ground. The arm sling was used throughout the experiment both to prevent fatigue of the arm and to avoid muscle activation due to gravity. At 1 m directly in front of the participant, we positioned a horizontal array of light-emitting diodes (LEDs) raised to the level of the arm. A green fixation LED was centered directly in front of the participant, with two green target LEDs at 30°to either side of the participant's forward gaze. A red LED was stacked 5 mm on top of the fixation LED and served as the Stop signal in our countermanding task.
Movements in the horizontal axis of both eyes were measured with a head-mounted Chronos Eye Tracking Device (Chronos Vision, Berlin, Germany) at 400 Hz with errors Ͻ0.1°. Head and arm movements were recorded with active infrared markers that were tracked in three-dimensional space with an Optotrak motion capture system (NDI, Waterloo, ON, Canada) at 400 Hz. Markers were placed on the finger, elbow, and shoulder and on the head-mounted eye tracker in a triangular plane to measure head movements. In addition to kinematic measures, we also recorded muscle EMG activity for head and arm movements. For head movements, the sternocleidomastoid and trapezius muscles were recorded bilaterally as previously done (Khan et al. 2009 ). For arm movements, activities of the anterior deltoid, lateral deltoid, posterior deltoid, and pectoralis major muscles were measured (Pruszynski et al. 2010) . Activity in each muscle was recorded with DE-2.1 (Delsys, Boston, MA) single differential surface electrodes (1 electrode per muscle) connected to a Bangoli Desktop EMG system (Delsys) at 1 kHz. These muscles were selected for their accessibility and do not constitute all of the muscles involved in the movements. Muscles in the splenius, longissimus, and longus groups also contribute to head rotation, while other muscles in the pectoral girdle such as the subscapularis and teres major and minor contribute to the tasked arm movements. However, these muscles lie much deeper and cannot be easily recorded with surface electrodes. Thus we did not necessarily measure the first muscles recruited during the effector movements (Corneil et al. 2002; Goonetilleke et al. 2015) .
Task
We utilized a countermanding paradigm that has been widely used to explore response inhibition (Verbruggen and Logan 2008b) . In the task (Fig. 1 ), participants were required to maintain central gaze with the head oriented and the arm pointing at a central fixation point. On Go trials, a visual target (Go signal) presented on either side of the fixation point prompted participants to perform the motor task: orienting their gaze (eyes and head) and arm to the target as quickly as possible. Occasionally, a Stop signal instructing the participant to withhold the response followed the Go signal after a specific SSD. In this situation, the participant would either successfully withhold the response or produce a response, depending on whether the countermanding task was successful or not. In the specific case of stopfailure, participants were instructed to reorient all effectors to the central fixation point as quickly as possible. We emphasized the importance of maintaining a natural response without strategizing future responses. Participants performed a number of practice trials until they felt comfortable with the procedure.
The experiment consisted of 67% Go trials, where the target was presented without the Stop signal, randomly interspersed with the remaining 33% of Stop trials. Trials began with gaze centered on and arm pointing at a green central fixation point for a random duration between 500 and 1,500 ms, after which the fixation point was extinguished. Then, one of the two green targets (30°left or right) was presented after a 200-ms delay. The eccentricity of the target was chosen to be sufficiently large such that head movements naturally accompanied saccades. The 200-ms delay was primarily used to distinguish the Stop signal at very short SSDs from the fixation point; the delay also disinhibits fixation and results in an expediting effect on RTs (gap effect) in the eye (Munoz and Fecteau 2002; Stevenson et al. 2009 ), head , and arm (Bekkering et al. 1996) . Targets appeared randomly with equal probability on either the left or right. During 33% of trials, the central red LED was illuminated after a variable SSD (randomly drawn from 25, 75, 125, 175, and 225 ms) for 1,500 ms. Trials were identified as Go, Stop (successful stop trials), or corrected (unsuccessful stop trials) trials. Target LEDs remained on for the duration of the SSD and Stop signal presentation (if applicable). During the intertrial interval, all LEDs were turned off for 2 s, and participants were instructed to return to the center fixation position. All participants performed a total of 1,200 trials in 50 trial blocks over two sessions, except for two participants who completed only 1,000 and 1,150 trials, respectively, and one participant who completed an additional block for a total of 1,250 trials.
Data Analysis
Data were analyzed off-line with MATLAB (MathWorks, Natick, MA). Eye (saccades), head, and arm movements were automatically detected and corrected by visual inspection as needed. Right eye movement data were low-pass filtered with an autoregressive forwardbackward filter with a cutoff frequency of 50 Hz. Eye velocity and acceleration were obtained by differentiation via a central difference algorithm. Saccades were detected when eye acceleration first exceeded a threshold of 1,000°/s 2 after target onset.
Orientation and position of the head and arm were determined in three-dimensional space based on markers placed on the eye tracker (3 in a triangle), the shoulder, elbow, and finger, with the rotational reference point converted from the fixation-point centered position. These data were also low-pass filtered with an autoregressive forwardbackward filter with a cutoff frequency of 25 Hz. Velocity and acceleration were obtained by differentiation via central difference algorithm. Onsets of head and arm movements were detected using a threshold of 200°/s 2 acceleration. In addition to the kinematic measures, the onsets of head and arm movements were also detected from the EMG activity of the muscles with a variable-threshold algorithm. EMG signals were band-pass filtered off-line (15-350 Hz) and fullwave rectified. Signal noise before the start of each trial was used to estimate the baseline EMG amplitude.
RTs were determined by the kinematic movement onset and EMG onset in each effector. EMG RT was defined as the onset of muscle activity following target presentation of the first of all agonist muscles. Muscle activity onset was set as the time at which there was a consistent rise above baseline amplitude [3 standard deviations (SDs)].
Participants made 100% corrective responses on failed trials; they were explicitly instructed to correct any errors. On corrective trials, responses to the Stop signal were quantified as the time between the Stop signal and the onset of the corrective response: CRT. CRTs were defined as the time at which movements began in the direction opposite to the initial movement. EMG CRT was based on the earliest muscle activity onset of the antagonist muscles, given that there was a corresponding corrective movement in the kinematics. For these trials, CRT was determined by using kinematic onset as a region of interest guide for marking EMG onset within the single burst.
Modeling
We took a stepwise model fitting approach during which we first determined the Go process parameters according to the LATER model, then fitted a dual process (Go and Stop) race model (Cutsuridis 2017) to the inhibition function to determine Stop process parameters, and finally used these model parameters as the basis for modeling CRT data.
Modeling the Go process: LATER. Motor RTs have been described by the LATER model developed by Carpenter (Carpenter 1981; Reddi and Carpenter 2000) . According to the LATER model, movement is initiated when a linearly rising signal, in response to the Go stimulus, reaches threshold. The rate of rise of the LATER process is normally distributed, and the RTs are related to the rate such that
where T is the reaction time, r is the rate, S 0 is the resting level, and S T is the threshold. For the purposes of our model, (S T Ϫ S 0 ) ϭ 1 and therefore r ϭ 1 ⁄ T Since r follows a normal distribution, T may be said to follow a reciprocal normal, or recinormal, distribution. This LATER process was used to model the Go RT distribution for each participant's effector (eye, head, arm) according to the probability density function (PDF) with rate parameters r and r :
Computing the inhibition function. According to the race model proposed by Logan and Cowan (1984) , inhibition performance is dependent on the relative finishing times of two competing races, i.e., the Go process and the Stop process. However, the Stop process cannot be directly measured and must be inferred from the inhibition After a 200-ms gap, a green target LED was presented 30°to either the left or right of fixation. In 67% of trials (Go condition), the target LED stayed illuminated until the end of the trial (1,500 ms). In 33% of trials (Stop condition), a red central LED was illuminated after a random Stop signal delay (25, 75, 125, 175, or 225 ms) after the target appeared in addition to the target LED. Participants were instructed to inhibit their movement toward the target or to return to the central Stop signal if they failed to inhibit their response. function (i.e., Stop trial performance as a function of SSD) of Stop trials; the inhibition function describes the probability of responding to the Go signal over the range of SSDs. To compute the inhibition function, we used a numerical approach to integrate the joint PDFs of two LATER processes, Go and Stop, that determines the race outcome (Logan and Cowan 1984) such that
where T Go and T StopϩSSD,i are the recinormal PDFs of the Go process and the Stop process respectively, with rate parameters r(Go) , r(Go) , r(Stop) , and r (Stop) .
Therefore, the inhibition function may be modeled according to
T Go was defined by the PDF of the corresponding participanteffector Go RT model. We fit the modeled inhibition function via nonlinear regression with iterative least squares estimation to estimate the rate parameters r(Stop) and r(Stop) of the Stop process.
Modeling corrective response time. Models for the CRT distributions were built upon the above race model. We took an exploratory approach to constructing these models, beginning with the fewest additional parameters possible. Some models (see RESULTS) included a second Go process for the corrective movement that was also modeled by an independent LATER process. Models were fit to the joint cumulative distribution function of the race model via nonlinear regression with iterative least squares estimation. Models that were not obviously invalid (i.e., could not fit the data) were compared quantitatively using three information criteria: the Bayesian information criterion (BIC), the Akaike information criterion (AIC), and the Hannan-Quinn information criterion (HQC). Each criterion for model selection penalizes the trade-off between goodness of fit and model complexity differently. To evaluate confidence of model selection, we then estimated the probability of a given model minimizing the estimated loss of information (Burnham and Anderson 2003) as
where C is the list of information criterion measures of each model for a given criterion and C i stands for an individual measure. This relative likelihood of models was evaluated separately for different effectors and kinematic/EMG data.
RESULTS
We collected data from 8,200 trials across all seven participants, out of which 931 trials were excluded because of errors in eye movement recording or errors made by the participant (e.g., unsatisfactory fixation at trial start). Recordings for two participants were incomplete; EMG data for S6 and S7 were too noisy to reliably capture movement-related activity for a large proportion of trials. For these participants, kinematic data were used in place of EMG data. Furthermore, eye position data could not be reliably extracted from the video images for S7 because of drooping eyelids. Therefore, these data were excluded from analysis. Figure 2 illustrates example recordings from two individual failed Stop signal trials in which the participant failed to cancel the planned movement and carried out a corrective return movement. Figure 2A shows an example in which Go and corrective return movements occurred sequentially, while Fig.  2B shows an example of interrupted Go movement during which the return movement began before the Go movement ended. Kinematic data (Fig. 2, left) show different movement times for eyes, head, and arm. This is supplemented by EMG recordings (Fig. 2, right) for eight different muscles, also showing different head and arm onset times. In Fig. 2A , corrective movements back to the center LED can be observed later in the trial and were initiated by muscle groups opposite to the initial movements (which were also involved in braking movements for the initial movement. In Fig. 2B , these braking movements blend with the initiation of the return movement.
In the following sections, we perform a stepwise analysis to evaluate the different response components, i.e., Go process parameters, Stop process properties, and CRTs. Thus we first describe the Go RTs and their correlation across effectors. We then use the Stop trials to evaluate the response inhibition function and associated LATER processes for each effector. Finally, we use this information to constrain potential models capturing the CRTs and compare CRT properties across effectors.
RT Analysis
On Go trials, participants responded to the target stimulus by making an eye-head-arm movement toward it. For each participant, five RT distributions were calculated: eye RTs were determined from motion tracking while head and arm RTs were determined from both motion tracking and EMG (see METHODS) . Mean RTs ranged from 186 ms to 328 ms across participants (Table 1) . As expected, kinematic onset was consistently measured after EMG onset, and the two were tightly correlated ( Fig. 3, A and B) .
Coordination of the kinematic RTs on Go trials were evaluated with partial correlation analysis ( Fig. 3C ) across six participants (S1-S6). The eye and head showed the strongest relationship, with a partial correlation coefficient of EH·A ϭ 0.724 (pooled data) and ranging from 0.559 to 0.884 for individual participants. The head-arm pair showed a weaker relationship, with a coefficient of HA·E ϭ 0.306 (range for individual participants ϭ 0.369 -0.787). The weakest relationship was observed for the eye-arm pair, with a coefficient of EA·H ϭ 0.303 (Ϫ0.138 to 0.297). Note that because the data were pooled rather than averaged, they could differ from the individual ranges. These results were corroborated using covariance derived from mixed model analysis (not shown), in terms of overall relative strength of relationships. These findings demonstrate that movement decisions for individual effectors are not independent but at least partially linked, in agreement with the literature (Boucher et al. 2007; Corneil and Elsley 2005; Dean et al. 2011 ).
The first part of our iterative model fitting procedure was to evaluate the Go process. Distributions of Go RTs were well fitted with a recinormal distribution (Fig. 4) described by the LATER model. The individual fit parameters of arm and head distributions are shown in Table 2 and were subsequently used to estimate the SSRT.
Response Inhibition
Of the 2,592 Stop trials, 2,457 trials were kept for further analysis (135 were discarded because of error or problems in eye/head/arm movement recordings). Of those, 1,112 trials (45% of all Stop trials) showed complete inhibition of the motor response, i.e., all effectors were successfully inhibited, while 985 (38%) trials showed unsuccessful inhibition (stopfailures) for all three effectors. Overall, this is indicative of mostly dependent decision processes, as all three effectors moved or did not move together for 83% of all Stop trials. In addition, some trials showed partially independent responses whereby one or two effectors were successfully inhibited while others initiated a motor response (17% of trials; Right: EMG data from the neck (magenta/violet) and arm muscles (blue/indigo). For this target, traces 3, 4, 5, and 7 govern responses and traces 1, 2, 6, and 8 govern corrective responses. Head movements were recorded from left/right sternocleidomastoid (LS, RS) and trapezius (LT, RT) muscles. Arm movements were recorded from anterior deltoid (AD), lateral deltoid (LD), posterior deltoid (PD), and pectoralis major (PM) muscles. B: typical interrupted Stop trial in which the corrective arm and head return movements occurred before the end of the Go movement. Note that the opposite direction eye saccade compensates for the (erroneous) head movement. suggesting some partially independent decision processes across effectors. Therefore, we calculated the SSRT of each effector for each participant independently. Note that we excluded participant S6 from all subsequent analyses because this participant generally failed to inhibit the response, resulting in too low a number of successful Stop trials to fit the inhibition function. The inhibition function (SSRT) shows the proportion of stop-failure as a function of SSD ( Fig. 5) , with a general trend of more stop-failure trials, i.e., fewer successful Stop trials, occurring with increased SSD. The SSRT pattern observed showed that Stop trials for arm movements (Fig. 5C ) generally had the lowest inhibition rate (lowest successful Stop trial proportion), those for eye movements (Fig. 5A ) had the highest inhibition rate, and head movements were intermediate ( Fig. 5B) .
To estimate the SSRT, we fit the mean rate and SD of the Stop process such that the outcome of our race model optimally matched the observed inhibition function. Mean SSRTs ranged from 50 ms to 183 ms across the different effectors (Fig. 6) . Figure 6 shows that eye SSRTs were shortest, followed by head SSRTs and arm SSRTs being longest. The fitted Stop process parameters define the respective SSRT recinormal distribution. Fit parameters and statistics for the SSRT estimates can be found in Table 2 .
CRT Analysis
On failed Stop trials, participants returned effectors to the central fixation position as instructed (Fig. 2) . As mentioned in METHODS, while head and arm movements tended to be interrupted midflight, this was generally not the case for eye movements; they tended to be completed and were followed shortly by the return movement. Thus our measure of the CRTs for the eyes was different from that of the head and arm. Nevertheless, we wished to calculate an estimate of the number of interrupted movements that was comparable across all three effectors, to determine the relationship between them. Processes triggering eye corrective responses are considered to remain covert until completion of the erroneous Go saccade. However, it is well known that competing motor goals can modify saccade end points (Becker and Jürgens 1979; Camalier et al. 2007; Chou et al. 1999; McPeek et al. 2003 0.14 S1 Eye Fig. 4 . Example RT distributions for the eye, head EMG, and arm EMG of S1 on Go trials. y-Axis denotes the proportion of total trials;
x-axis denotes the RTs for each effector (counted within 10-ms bins). The LATER model fit is overlaid as the red line.
McPeek and Keller 2001; Minken et al. 1993 ). Thus we presumed that interrupted movements should lead to smaller amplitudes than noninterrupted movements for eye movements, and also for head and arm movements. We therefore compared initial movement amplitudes (toward the target) during failed Stop trials (with corrective movements back to center) to the initial movement amplitudes during Go trials (Fig. 7A ). Figure 7A shows the differential frequency between the failed Stop and Go trials as a function of amplitude. As can be seen, there were more trials with smaller amplitudes and fewer trials with larger amplitudes during failed Stop trials compared with Go trials. The cutoffs for interrupted movements was defined as the zero-crossing of the differential histogram for the respective effectors, which allowed us to estimate the number of interrupted movements for saccades, head, and arm movements using identical criteria. Note that the pattern is very similar across the three effectors, considering that head and arm movements were interrupted midflight and eye movements tended not to be. In Fig. 7B is shown the relative proportions of trials with interrupted movements across the three effectors. Consistent with previous findings, the biggest proportion of trials involved interruptions for all three effectors together (40%). The second biggest proportion were trials in which the arm and head were interrupted but not the eye (15%). A small number of trials involved interruptions for just one effector and not the other two (only arm interruptions ϭ 9%, only head interruptions ϭ 7%, only eye interruptions ϭ 4%). These findings are very similar to those seen for successful Stop trials (Table 3) , as can be seen in Fig. 7C , where successful Stop trials were included as well.
The proportion of partial responses was highly dependent on the SSD. As shown in Fig. 8 , for short SSDs it was unlikely to find all effectors erroneously responding (None Stop) and far more likely to find all effectors being successfully countermanded (All Stop). This trend was reversed for long SSDs. Interestingly, partial inhibition of one or two of the three effectors was more frequently observed for intermediate SSDs (Fig. 8) , similar to observations reported by Corneil and Elsley (2005) . Thus the SSD had a large influence on the probability of observing particular partial responses/inhibition. Columns headed Eye, Head, and Arm show no. of trials where only the indicated effector was successfully inhibited (but not the other 2 effectors). Columns with paired effector headings show no. of trials with successful inhibition of the paired effectors (but not the third). Column headed NoneStop shows no. of trials where none of the effectors was successfully stopped (all 3 effectors initiated a movement). Column headed AllStop shows no. of trials where all 3 effectors were successfully inhibited. Only trial counts based on kinematics measures are shown; in some cases, an EMG response was present but no kinematic movement was detected.
We performed a partial correlation analysis on the kinematic CRT coordination in the same way as RT correlations across effectors (Fig. 3D ). Note that here we used CRTs rather than the interrupted movements as above, as it is a more direct measure. The head and arm showed the strongest relationship, with a partial correlation coefficient of HA·E ϭ 0.752 (0.521-0.873 individually) while the eye-head and eye-arm pairs showed weaker relationships, with coefficients of EH·A ϭ 0.242 (0.099 -0.541) and EA·H ϭ 0.331 (Ϫ0.194 -0.447), respectively. This pattern was different from the RT coordination, where eye-head correlations were strongest.
Next, we analyzed the time interval between the Go movement onset and the corrective movement onset (Fig. 9 ) separately for each participant and effector. We used the CRT-RT interval instead of the intermovement interval (end of first until beginning of next) because for arm and head movements the corrective movement could blend into the Go movement in interrupted movement trials (e.g., Fig. 2B ) and thus there was no intermovement interval in those cases. For saccades (Fig. 9,  top) , we also included the histogram of Go saccade durations as a reference point. The minimal overlap between Go saccade durations and CRT-RT distributions is indicative of the successive nature of saccades, i.e., saccades were not interrupted once launched. Figure 9 suggests that there was a continuum between rapid Go movement interruptions following the Stop signal ( Fig. 2B) and temporally segregated Go and corrective return movements ( Fig. 2A ). This was also apparent in the muscle EMG patterns for the head and arm. Figure 10 shows an example pattern across trials with corrective head movements. For rapid corrections after the Go movement onset, we observed a single antagonist muscle EMG burst that stopped the Go movement and drove the corrective movement back to center (e.g., see left trapezius/leftward target, trials 1-80; Fig. 10 ). For intermediate CRTs this single burst was stretched out in time (e.g., trials 80 -130; Fig. 10 ), while long CRT trials show two distinct EMG bursts, one braking the Go movement and another burst initiating the corrective return movement (e.g., trials 130 -155; Fig. 10 ). Thus RT and CRT motor commands showed different amounts of overlap depending on the corrective movement decision time rather than Go and corrective movements always being executed in series.
To understand corrective movement initiation, we evaluated a total of six different potential models for CRT distributions. CRT modeling focused only on the head and arm CRTs. Note that the EMG data for S3 and S7 showed poor signals for many trials; therefore, we fit CRT models to their kinematic data instead. The first model we fit (Fig. 11A ) assumed that the corrective response is initiated when the decision signal of the Stop process reaches the threshold. This model showed a narrower and much faster CRT distribution than we observed behaviorally. In the second, related, model (Fig. 11B) , we introduced an additional parameter capturing a potentially different (supposedly higher) threshold for the Stop process to initiate the corrective response, effectively delaying the mean latency of the CRT distribution. Note that this model is equivalent to a previously proposed model (Noorani and Carpenter 2015) in which the Stop process (they call this a Stop unit) was shifted in time, since a time shift or threshold change results in the same change of the underlying distribution; however, the resultant CRT distribution had a much longer tail than the data (similarly to the model in Fig. 11A ). As such, these two models turned out to be overly simplistic and were discounted. Since the original Go/Stop signals were insufficient to describe CRTs, we introduced a separate second motor initiation process, "Go2," specific to the corrective movement.
Using the Go2 process to describe CRTs, the third and fourth models, StopFinGo2 (Fig. 11C) and GoFinGo2 (Fig.  11D) , capture return movement preparation as a separate motor decision signal (Go2) that starts after the Stop (Fig. 11C) or Go (Fig. 11D ) signals reach the decision threshold. The Com-pressGo2 (Fig. 11E) analogous to removing a potential inhibitory action of the Go process onto the Stop process. This results in a temporal compression of the Stop process after the end of the Go1 process, increasing the rate of the Stop process. The Go2 process begins after this expedited completion of the Stop process. To model this, the residual time to threshold of the Stop process was reduced by a compression factor, C. The final model (Fig. 11F) , Stop-StartGo2, represents a three-way race between the Go1 process, the Stop process, and the Go2 process, where the Go2 process begins at Stop signal onset and is therefore independent of the outcome of the race model. (Note: countermanding failure leads to an abortion of the Stop process in models in Fig. 11,  D and F ). This last model arose from the idea that, in uncertain environments, actions and corrective actions might be planned in parallel. Thus, as soon as the Stop signal is presented, the brain might, by default, plan a corrective action in case the Stop process fails. This model is very similar to the GO-GOϩSTOP model used to describe processes underlying double-step tasks (Camalier et al. 2007) . Figure 12 illustrates the overall iterative model fitting procedure (see METHODS) and model performance for kinematic arm movement data from participant S7. The RT fit (Fig. 12A) was carried out first, and the result was then used to constrain the inhibition function fit (Fig. 12B ). With these parameters being fixed, we fit the four different plausible CRT models to the data (Fig. 12C ). In this example it can be readily observed that StopFinGo2 (Fig. 11C) and GoFinGo2 (Fig. 11D ) did not capture the raw CRT data well. CompressGo2 (Fig. 11E) and StopStartGo2 (Fig. 11F) were only slightly different from one another, with CompressGo2 mainly capturing shorter CRTs better than StopStartGo2.
To determine which model performed best, we compared models according to three information criteria: BIC (Fig. 13A) , AIC (Fig. 13B) , and HQC (Fig. 13C ). Information criterion measures were plotted separately for each participant and each kinematic/EMG-based measure and arranged by increasing BIC scores of the winning model, i.e., CompressGo2. Average and 95% CI values across all participants and modalities are also shown. In Fig. 13D we estimate the likelihood of the best model outperforming the others (see METHODS). This analysis shows that while the StopStartGo2 model (Fig. 11F) came close, the CompressGo2 model (Fig. 11E) consistently outperformed all other models.
We provide estimated parameters for the winning model (CompressGo2) in Table 4 . Goodness of model fit was confirmed by Kolmogorov-Smirnov test, where we found no significant differences between model and data for all participants. P values were Ͼ0.9 for all cases except for S7_KH, where the P value was 0.654. For this specific fit, the model predicts a CRT distribution with a slight positive skew compared with the observed distribution; however, the source of this skew is unclear. Despite this, overall, model fits were highly significant.
To further analyze whether decision processes from different effectors were coupled, we compared model fit parameters across arm and head from Tables 2 and 4. If there was a Fig. 7 . Interrupted Go responses for eye, head, and arm. A: differential histograms of movement amplitudes for example participant 1. Difference between normalized CRT movement amplitude distribution p(CRT) and control movement amplitude distribution p(control) is shown. We used the zero crossing as a cutoff to determine interrupted movements (positive part of histogram). B: Venn diagram of proportion response interruptions for Stop trials where all effectors showed a Go response. C: same but for all Stop trials. Here, successfully inhibited responses were counted as interrupted Go processes. relationship between decision processes across effectors, then we expect the rate of rise of each decision process to be correlated across participants, i.e., a participant with a fast head decision process should also show a fast hand decision process. This analysis to test this hypothesis is shown in Fig. 14. While individual correlations of RT, CRT, and SSRT only proved to be significant for CRT (P ϭ 0.0011), pooling across all processes resulted in a highly significant relationship. On average, RT processes took the longest (smallest rates), followed by SSRT and CRT, with the variance across participants increasing from RT to SSRT to CRT. Also interestingly, while for RT and SSRT the head was faster than the arm (as reflected in higher head vs. arm process rates), this was the opposite for CRTs, where the arm was faster. We also looked for relationships between RT, SSRT, and CRT rates within each effector but did not find any significant correlations, indicating independence of those processes. Overall, this analysis shows that arm and head processes were at least partially correlated but displayed a significant amount of individual variability.
DISCUSSION
The main aim of this study was to investigate response and corrective movement initiation during a combined gaze shift and pointing countermanding task. We found that overall response and corrective movement initiation times were well correlated between the different effectors, with some differences in the degree of correlation between effectors according to the type of response (RT vs. CRT). To gain insight into the underlying decision processes involved in corrective movement initiation, we tested several extended LATER race models and found that the best-fitting model was one that presumed that the corrective movement initiation was triggered after an accelerated (failed) inhibition process was completed. Taken together these results suggest that corrective movement initiation is dependent on dynamic inhibition processes and that the same decision processes may trigger multiple effectors during coordinated movement tasks for both responses and corrective movements.
Response Times Across Different Effectors
On Go trials, the RTs of the eyes, head, and arm demonstrated mutual coordination between effectors, i.e., when the head RT was quick, the eye and arm RT tended to also be quick, within their respective RT distributions. When comparing RTs for each effector to each of the other two we found that the strongest relationship was between the eyes and the head (partial correlation of 0.724) and found lesser but significant correlations between the eye and the arm (partial correlation of 0.303) and between the head and the arm (partial correlation of 0.306). Our results are consistent with other studies on eye-headarm motor coordination (Biguer et al. 1982; Gielen et al. 1984) and support evidence for a shared initiation processes across effectors for eye-head (Freedman 2008; Khan et al. 2009 ) and eye-arm (Fischer and Rogal 1986; Gopal and Murthy 2015; Gribble et al. 2002; Stuphorn et al. 2000; Suzuki et al. 2008) movements.
The high correlation between RTs of the eye and the head is not surprising considering the close coupling between the eye and head during gaze shifts. Indeed, it is generally accepted that there is a major common gaze drive for both head and saccade movements (Bizzi et al. 1972; Daye et al. 2014; Freedman and Sparks 1997; Haji-Abolhassani et al. 2016; Hanes and McCollum 2006; Monteon et al. 2005; Oommen et al. 2004; Oommen and Stahl 2005; Zangemeister and Stark 1982) . However, there also is evidence of a separate pathway for the initiation of head movements during combined eyehead gaze shifts (Bizzi et al. 1972; Hanes and McCollum 2006; Oommen and Stahl 2005; Zangemeister and Stark 1982) . Thus the high but not perfect correlation between the head and the eye RTs may reflect decision processes that descend through both shared and independent pathways for the head and the eye. An alternate explanation may be that the shared gaze drive is used but eye movement initiation times are shuffled because of the omnipause neuron gating system, whereas head movements are not (Gandhi and Sparks 2007) .
While arm RTs were significantly correlated with the other effectors, the correlation was much weaker. These differences indicate that the arm, while sharing some coordinated processing with the eye and head, retains a larger degree of independence in terms of its stochastic initiation process. Within the literature there have been mixed results in terms of the correlation between RTs of the eye and the arm, ranging from very low to very high correlations (Frens and Erkelens 1991; Gopal and Murthy 2015; Herman et al. 1981; Prablanc et al. 1979; Sailer et al. 2000; Vercher et al. 1994) . Similarly, recent studies have proposed contrasting models, either relatively independent but mutually exciting integrators (Dean et al. 2011) or alternatively coordinated accumulators to drive the coordinated movement (Gopal and Murthy 2015) . However, it has been recently suggested that task context could determine the amount of linkage between the two processes (Jana et al. 2017) , an important factor that may explain these different findings.
Response Inhibition Across Effectors
During successful Stop trials, we found different patterns of inhibition across effectors. As outlined in Table 3 , the most common case was the successful inhibition of all three effec-tors together (73%). The remainder of the trials (27%) consisted of some combination of successful inhibition and movement response, with the second most common combination being the coupled inhibition of the eye and the head but not the arm (11%) followed by the eye only but not the arm or head (7%) and the arm alone (5%). Finally, there were very few trials (Ͻ1% each) where the eye and arm but not the head, the head and arm but not the eye, or the head alone was inhibited. These combinations indicate that there is likely a single or at least very closely linked inhibition processes for the three effectors together given that the vast majority of successful Stop trials were those where all three effectors were inhibited together. If each effector's race signal was purely independent, we would expect to see a much higher proportion of other inhibition combinations, e.g., head-only inhibition. Furthermore, these results indicate a strong coupling of inhibition between the eye and head. Given the strong partial correlation of eye and head RTs, the coupling of eye and head inhibition is unsurprising. We speculate that the inhibition process of the eye may be expediting the inhibition process of the head, likely mediated through the common gaze drive mentioned above. These findings are similar to previous studies, which also found a linkage between inhibition processes for saccades and head movements (Corneil and Elsley 2005) .
However, we also found some evidence for independence of inhibition of the eye only. First, the highest percentage of single effector inhibition was that of the eye (7%). Second, the lowest and fastest inhibition rates for eye movements also suggest that the Stop process for the eye is particularly efficient (relative to the eye Go process), in comparison to the head and arm.
Finally, the relative independence of the arm from the eye and the head is consistent with the lower partial correlations of RTs of the arm with the other effectors, indicating a larger independence of decision processes between the arm and the other two effectors. However, it should be noted that in the majority of successful Stop trials the arm movement was inhibited along with the eye and the head. Consistent with these findings, Leung and Cai (2007) showed that the ventrolateral prefrontal cortex may play a role in inhibition processes of both oculomotor and hand motor systems. This is also consistent with the notion of a global motor mechanism that exerts inhibition on all ongoing motor plans, regardless of effector (Pouget et al. 2017) , which may be implemented via broad inhibition from the basal ganglia to the cortex (Aron et al. 2003; Schmidt et al. 2013) . However, other studies have shown no relationship in inhibition processes between saccades and hand movements, suggesting that independent hand control may be preferred over coupling in coordinated movements involving multiple effectors (Boucher et al. 2007 ). Taken together, it appears that the inhibition processes for the three effectors are tightly linked but with some degree of independence between them (more so with the arm than between the eye and hand).
Corrective Response Initiation Compared Across Effectors
We compared corrective response initiation across effectors in two ways. First, we compared amplitudes of failed Stop and Go trials as an indicator of interrupted movements. Comparing across effectors, the pattern of interruptions between the three effectors ( Fig. 7) was very similar to the patterns observed for inhibition (Stop trial outcomes) across the effectors (Table 3) . We observed that, in the majority of trials, all three effectors demonstrated reduced amplitudes indicative of response interruption. However, there were some independent reductions in amplitude for arm movements compared with head or eye movements, which almost always occurred together. This is consistent with a predominantly common process driving inhibition across effectors.
We also measured corrective response initiation directly through CRTs. For arm and head, these were calculated using responses in the antagonist muscles; for eye movements, kinematics were used (return eye movement latency). In contrast to the RTs and inhibition, we found a stronger relationship between the head and arm effectors for corrective response initiation compared with the eye. We speculate that this is due to the slower movements of the head and arm, where in-flight modifications are more likely, compared with the faster movements of saccades, which have less time available for modification. However, the eye CRTs nevertheless showed mild correlations with the head and arm CRTs, indicating that the eye corrective response still shares a temporal relationship with the head and arm as also demonstrated through the interrupted movement analysis.
CRT Modeling
To gain insight into the decision processes involving corrective movement initiation during failed Stop trials, we evaluated different models and determined how well they fit our observed CRT distributions. In the first two models, we assumed that the corrective movement was initiated when the decision signal for the Stop process reached the same or a slightly higher threshold (Fig. 11, A and B) , analogous to the model proposed by Noorani and Carpenter (2015) ; however, they failed to match the behavioral findings well and were overly simplistic. This prompted the development of models Relationship between best fit model rates (inverse of RT) across effectors. CRT, RT, and SSRT mean LATER rates across participants. Linear fit between arm and head processes across all rates was highly significant (y ϭ 0.919 ϩ 0.8511x, P Ͻ 0.001), even when excluding the large CRT outlier. that included a second motor initiation process, Go2. In the next two models, the second Go process was initiated either when the Stop process (StopFinGo2; Fig. 11C ) or the Go process (GoFinGo2; Fig. 11D ) reached threshold. In the third model, the second Go process was initiated after an accelerated Stop process once the Go process reached threshold (CompressGo2; Fig. 11E ). Finally, we also evaluated a model where the second Go process was initiated at the same time as the Stop process and was independent of the outcome of the race model (StopStartGo2; Fig. 11F ).
In the evaluation of such probabilistic models, there is no single exact method for selecting the "best" model. We chose to rank our models according to three different information criteria, each with different strengths, weaknesses, and popularity of usage. Our strategy was to look for consistency of performance in a model across criteria. All criteria demonstrated identical relative rankings of models for each case. Our rankings suggest the CompressGo2 model as the strongest model for CRTs under our extended countermanding paradigm. The StopFinGo2 model demonstrated the worst quality of the four models ranked. Interestingly, the StopStartGo2 proved to be a relatively strong model for some cases and a much weaker model in others.
Under the CompressGo2 model, the initiation of the Go2 process is dependent on the progress of the Stop process, i.e., the Go2 process must "wait" for the expedited Stop process to complete. Considering the wide range of the compression factors (Ͻ1% to 100%, see parameter C in Table 4 ) in our results, the degree of such dependence seems to be highly subject-and effector-specific. With respect to the complexity of our motor task, this compression factor may be capturing the influence of a number of factors: coordination, top-down strategy, or residual inhibition of the Stop process after the race has been decided. The presence of this compression factor in the model suggests that conflict in decision making, particularly when making a mistake, has an effect in terms of neural processing on subsequent decisions.
The Go2GoFin model closely resembles the model proposed by Noorani and Carpenter (2014) to describe CRTs in the antisaccade task. In their task, participants were asked to generate a saccade in the opposite direction of a visual target, and they investigated the RTs of corrective movements that took place after antisaccade errors (whereby prosaccades are generated, followed by saccades in the correct antidirection). These authors modeled the antisaccade task as three LATER races involving two identical initiation processes (prosaccade and antisaccade) and a Stop process that suppresses the erroneous response (prosaccade) for each trial; upon failure to suppress the prosaccade, the antisaccade unit is restarted. This model is analogous to our GoFinGo2 model, except that we do not assume the corrective response is governed by the same LATER process as the initial motor response, i.e., the process's parameters can be different. In contrast to their findings, we found this model to fit the behavioral CRT data in our task less well than the CompressGo2 model. It is possible that these more parsimonious models, StopStartGo2 and GoFinGo2, may explain CRTs under specific cognitive conditions, for example, in more rigidly structured countermanding experiments with single effector tasks such as the task used by Noorani and Carpenter (2014) .
The StopStartGo2 model, our second strongest model, is very similar to that used to model saccade behavior during double-step and step search tasks (Camalier et al. 2007) . They found that their version of the StopStartGo2 model (GO-GOϩSTOP model) best fit the pattern and timing of compensated vs. noncompensated eye movements to variably timed jumps in target position. Interestingly, they also showed evidence of interrupted saccades with initial saccades with shorter amplitudes (labeled partial compensated) as used in our interrupted movement analysis (Fig. 7) . However, Camalier at al. (2007) did not consider the possibility of an accelerated finish of the Stop signal after erroneous Go initiation, as in our best-performing model (CompressGo2). It would be interesting to evaluate the CompressGo2 model against the Camalier et al. (2007) paradigm to verify whether accelerated termination of competing decision processes might also explain their data.
Finally, while we utilized the stop-signal paradigm as our task (Logan and Cowan 1984) , response initiation, inhibition, and error correction can also be driven by different task requirements such as during the antisaccade (Noorani and Carpenter 2013) , double-step (Becker and Jürgens 1979; Camalier et al. 2007; Georgopoulos et al. 1983 ), or color oddity (McPeek and Keller 2002; Moher and Song 2013; Noorani et al. 2011; Song 2017) tasks as well as internal signals such as individual goals or previous errors (Song 2017) . Whether internal or external, evidence suggests that the underlying mechanisms for coordination across multiple effector planning are similar (Pouget et al. 2017 ).
Conclusions
In this study, we evaluated the performance of an eye-headarm motor task under a countermanding paradigm. Motor initiation was shown to be correlated between all effectors, with the strongest relationship between the eye and head. Patterns of partial inhibition largely favor coupling between all three effectors, as did the pattern of interrupted and corrective movements. We introduced new models to explain the RTs of corrective responses in the countermanding task; the prevailing model relies on a second motor initiation process that begins after the residual Stop process reaches threshold in an expedited fashion. We thus conclude that the processing of corrective actions is influenced by previous erroneous actions.
